Background: A retrospective study was performed to determine the indications for positron emission tomography (PET) using [ 18 F]fluorodeoxyglucose (FDG) in patients with esophageal cancer, including those with early cancer, and to investigate whether the tumor-to-normal ratio (T/N ratio) could be used as a substitute for the standardized uptake value (SUV). Methods: Thirty-six patients were included in the study. Thirty-one patients who had 36 biopsy-proven lesions (35 squamous cell carcinomas and one small cell carcinoma) underwent PET study prior to treatment. PET images were evaluated visually and the relationship between the depth of invasion and the PET findings were examined in 22 lesions of 19 patients from whom specimens were obtained from the primary tumor by surgery or endoscopic mucosal resection. PET results were also compared with computed tomography (CT) and endoscopic ultrasonography (EUS) for detection of regional lymph node metastases in 18 patients who underwent extended lymph node dissection. Five patients underwent PET studies for the detection of recurrence and the PET findings were compared with their CT findings. The T/N ratio and the SUV were calculated for 20 primary tumors. Results: Among the 15 tumors that were pT1b or greater, all 15 were positive on PET and all seven of the lesions confined to the mucosa (Tis or T1a) were negative. The sensitivity, specificity and accuracy of detecting nodal involvement were, respectively, 37.5, 96.1 and 88.3% by CT, 30.8, 88.5 and 81.0% by EUS and 41.7, 100 and 92.2% by PET. More sites of recurrence were detected by PET than by CT. There was no statistically significant correlation between the SUV and the T/N ratio. Conclusions: PET imaging can detect primary esophageal cancer with a depth of invasion of T1b or greater, but Tis and T1a tumors are undetectable. PET seems to be more accurate than CT or EUS for diagnosing lymph node metastasis. The T/N ratio cannot be used as a substitute for the SUV.
INTRODUCTION
Positron emission tomography (PET) using [ 18 F]fluorodeoxyglucose (FDG) has been applied to the diagnosis of cancer in various organs (1, 2) . In patients with esophageal cancer, FDG PET is reported to be useful for pretreatment staging (3) (4) (5) , detection of lymph node metastasis (6) and distant metastasis (7) , preoperative evaluation of prognosis (8) and assessment of the response to chemotherapy (9) . The accuracy of this technique for detecting primary lesions has also been shown to be high (97-100%). However, the majority of the previous studies were conducted in patients with advanced cancer.
A large number of early cancers of the esophagus are now being detected following recent developments in endoscopic staining methods (10) . Therefore, we performed a retrospective study to define better the indications for FDG PET imaging in patients with esophageal cancer, including those with early cancer.
To quantitate glucose metabolism during PET, the standardized uptake value (SUV) is calculated (11) . To calculate the SUV, transmission scans for attenuation correction must be performed. With the latest whole-body PET scanners, attenuation correction by transmission scanning is sometimes omitted to shorten the examination time. In addition, it has been reported that the tumor-to-normal ratio (T/N ratio) evaluated using emission scans alone is correlated with the SUV (12) . Therefore, we investigated whether the T/N ratio could be used as a substitute for the SUV in patients with esophageal cancer. 
SUBJECTS AND METHODS
We studied 36 patients with esophageal cancer who underwent FDG PET over a period of 6 years and 1 month between April 1994 and May 2000. They comprised 31 men and five women with a mean age of 59.2 years (range: 43-78 years). FDG PET was performed before the treatment of esophageal cancer in 31 patients and after surgery in the other five patients. Among the 31 patients in whom imaging was performed before treatment, 23 underwent surgery (five of them had surgery after receiving neoadjuvant chemotherapy), one underwent endoscopic mucosal resection (EMR) and seven had inoperable cancer that was treated with radiochemotherapy. The patients' characteristics are shown in Tables 1 and 2 . Fluorine-18 was produced using an on-site medical cyclotron (Cypris HM-18, Sumitomo Heavy Industries, Tokyo, Japan). Scans were obtained using a whole-body PET scanner (ECAT EXACT 47, Siemens/CTI, Knoxville, TN, USA). Informed consent was obtained from all patients. The patients fasted for at least 6 h prior to PET. Transmission scans for attenuation correction were performed for 3 min in each bed position (in 31/36 patients). Forty-five minutes after administration of 260 MBq (7 mCi) of FDG, emission scanning was performed from the level of the pelvis to the maxilla for 7 min in each bed position. Gray-scale hard-copy images of the transaxial sections were printed and evaluated visually by two physicians (S.H. and S.Y.). Images of coronal and sagittal sections were also available and other test findings were referred to when evaluating the PET images. The PET results were compared with the final diagnosis obtained by surgery, and also with the clinical course and the results of computed tomography (CT), endoscopic ultrasonography (EUS) and other imaging techniques.
The following four parameters were investigated.
PET FEATURES OF THE PRIMARY TUMOR
Thirty-six lesions were confirmed by endoscopic biopsy in the 31 patients who underwent PET before treatment and the PET findings of these 36 histologically proven lesions were investigated. The relationship between the depth of mural invasion and the PET findings was also examined in 22 lesions of 19 patients from whom specimens were obtained from the primary tumor by surgery or EMR.
PET FINDINGS IN THE REGIONAL LYMPH NODES
The findings obtained by PET, contrast-enhanced CT and EUS were compared for the detection of regional lymph node metastases in 18 patients who underwent extended lymph node dissection during surgery after PET. Contrast-enhanced CT was also performed in all 18 patients and EUS (EU-M20, Olympus Optical, Tokyo, Japan) was performed in 13 patients.
DIAGNOSIS OF RECURRENCE
This was investigated in five patients who underwent PET to identify recurrence of esophageal cancer.
COMPARISON OF THE SUV WITH THE T/N RATIO Among 25 patients (25 lesions) with a positive main tumor on PET, the SUV and the T/N ratio were compared in 20 patients (20 lesions) who underwent transmission scans. A circular region of interest (ROI) was drawn around the part of the main lesion that showed abnormal accumulation and the SUV was then calculated based on the patient's total body weight. The T/N ratio was determined using ROIs placed over the main tumor and the mediastinum. The ROI for the main tumor virtually encircled the lesion, while the ROI for the mediastinum was of an arbitrary size and was located at a site that was not affected by the heart or the main tumor. Both the mean T/N ratio (mean T/N) and the maximum T/N ratio (max. T/N) were calculated. Correlations between the SUV and the T/N ratio were analyzed by calculating Spearman's rank correlation coefficients.
RESULTS

PET FEATURES OF THE PRIMARY TUMOR
Of the 36 biopsy-proven malignant primary tumors in the 31 patients, 25 (69.4%) were positive on PET and the remaining 11 (30.6%) were negative. Table 3 shows the PET features of the 22 tumors in the 19 patients in whom the depth of mural invasion was determined by surgery or EMR. The depth of invasion was classified according to the Guidelines for Clinical and Pathologic Studies of Carcinoma of the Esophagus released by the Japanese Society for Esophageal Disease (13) . All 15 tumors (100%) with a depth of pT1b or more (involving the submucosa) were positive on PET. In contrast, all seven tumors (100%) that were confined to the mucosa (Tis or T1a) could not be detected by PET. An example of a positive tumor (case No. 30) is shown in Fig. 1 .
PET FINDINGS IN THE REGIONAL LYMPH NODES
Regional lymph node dissection was performed for a total of 179 stations (node groups) in 18 of the 31 patients who underwent surgery with extended lymph node dissection. Classification of the regional lymph nodes was based on the Guidelines for Clinical and Pathologic Studies of Carcinoma of the Esophagus published by the Japanese Society for Esophageal Disease (13) . The detection of lymph node metastasis by PET is shown in Table 4 . On microscopy, regional lymph node metastasis was observed in 24 of the 179 stations. The PET and histopathology results were compared for each station because it was difficult to compare the results for individual lymph nodes. The sensitivity, specificity and accuracy of detecting nodal involvement by CT, respectively, were 37.5, 96.1 and 88.3% while the values for EUS were 30.8, 88.5 and 81.0% and those for PET were 41.7, 100 and 92.2%. PET was therefore superior to CT and EUS. Comparison of the sensitivity of PET, CT and US showed no significant difference among the three methods (Fisher's exact probability test). In six patients, PET correctly identified extensive lymph node metastases and it was decided to use neoadjuvant radiochemotherapy instead of surgery. PET did not yield any false-positive results with regard to primary or regional lymph node lesions. Fig. 2 shows a patient (case No. 31) with lymph node metastases detected by PET.
DIAGNOSIS OF RECURRENCE
CT revealed a total of six lesions (five lymph node metastases and one pulmonary metastasis) in two of the five patients who underwent PET for the diagnosis of recurrence. In all six lesions, PET showed abnormal accumulation of FDG. PET also identified abnormal FDG accumulation at three other sites in two of the patients. Monitoring of the clinical course and follow-up diagnostic imaging after PET showed that these three sites were actually lymph node metastases. PET revealed no abnormal findings in two of the three patients without abnormalities on conventional diagnostic imaging. No recurrence occurred during subsequent follow up for 12 months and nothing was detected by other imaging modalities, indicating that the PET results were true negative findings.
The other patient underwent PET 6 months after surgery, at which time abnormal FDG accumulation was noted at the thoracotomy rib resection site. This patient died of pulmonary and hepatic metastases at 1 year after surgery. It was not possible to determine whether there was a rib recurrence at the operation site. Fig. 3 shows PET imaging of recurrence in this patient (case No. 36). Table 1 shows the SUV and T/N ratio values for the 20 patients (20 lesions) in whom the main tumor was positive on PET and who underwent transmission scanning. Statistical analysis revealed no significant correlation between the SUV and the mean T/N (P = 0.246). Negative numerical values were sometimes obtained when calculating the mean T/N. The max. T/N of the ROI was therefore determined and the results were reexamined. There was a weak correlation between the SUV and the max. T/N (P = 0.08), but it was not statistically significant.
COMPARISON OF THE SUV WITH THE T/N RATIO
DISCUSSION
The depth of mural invasion of the main tumor and the presence or absence of lymph node and distant metastases are important factors when deciding the management of patients with esophageal cancer. In patients who have early cancer without lymph node metastasis, complete cure can be expected after minimally invasive EMR (10) . However, in patients with lymph node metastasis, three-field dissection involving thoracotomy and laparotomy is required to clear the cervical, thoracic and abdominal lymph nodes. This is far more invasive than EMR and also has a marked impact on the postoperative quality of life.
In patients with esophageal cancer, contrast radiography and endoscopy are excellent for identifying the main tumor. However, CT alone has limitations for detecting lymph node metastasis, with an accuracy of ~60% (14) . EUS has a high sensitivity, but its specificity is inadequate, so diagnostic accuracy is improved when the EUS findings are combined with those of other tests (14) (15) (16) .
FDG PET is an imaging method based on glucose metabolism. The metabolism of glucose is accelerated in cancer cells (17) and tumors with a high metabolic rate are reported to be highly aggressive (1) . FDG is a glucose analogue that accumulates at sites of high glucose metabolism and is used for the metabolic imaging of tumors by PET (1, 18) . FDG PET allows quantitative evaluation of local glucose metabolism and can therefore be used to assess biological malignancy (1, 19) and the efficacy of chemotherapy (20) .
In 1995, Yasuda et al. used FDG PET for diagnostic imaging in a patient with esophageal cancer and were able to visualize clearly both the primary tumor and lymph node metastases (21) . In 1997, Flanagan et al. used FDG PET for esophageal cancer staging in 36 patients (3) . All of the patients showed abnormal FDG accumulation in the primary tumor. In five of them, PET identified new metastases, avoiding unnecessary surgery and primary lung cancer was also detected incidentally.
In 1997, Luketich et al. performed FDG PET preoperatively in patients with esophageal cancer and were able to identify the primary tumor with 97% accuracy (4). They also found that the technique was useful for detection of distant metastases and for staging to determine operability.
Although most of these previous studies involved patients with advanced cancer, the detection of superficial esophageal cancer has increased in recent years following advances in the endoscopic iodine staining method (10) . We therefore included patients with superficial cancer diagnosed by endoscopic biopsy in the present study. Of the 22 lesions from which specimens were obtained during surgery or EMR, PET successfully diagnosed all 15 (100%) lesions with a depth of the submucosa (pT1b) or greater. However, PET yielded a false-negative result for all seven lesions (100%) that were confined to the mucosa (pTis and pT1a). There are therefore clear limitations to the use of PET imaging for the diagnosis of esophageal cancers confined to the mucosa. This is thought to be because detection by PET requires a certain minimum tumor volume.
EMR is indicated for esophageal cancer confined to the intraepithelial layer (m1) or the lamina propria (m2) and is relatively indicated for cancer that has invaded as far as the muscularis mucosae (m3) or the upper one-third of the submucosa (sm1) (10) . Therefore, EMR is unlikely to be indicated if PET produces a positive finding.
Flanagan et al. reported that the accuracy of PET (76%) for determining the extent of nodal disease was superior to that of CT (45%) (3). Choi et al. compared preoperative CT and PET in 48 patients with esophageal cancer who had undergone lymph node dissection (6) . The diagnostic sensitivity, specificity and accuracy of CT for detecting individual lymph node metastases were 18, 99 and 78%, respectively, while the values were 57, 97 and 86% for PET. Hence the results for PET were significantly better than those for CT.
As in previous studies, we also found that PET was superior to CT. However, PET was less sensitive than reported in previous studies. We thought that this was probably because lymph nodes with micrometastases were obtained by extended dissection in the present series.
In a 1999 study comparing the diagnostic accuracy of CT and PET for distant metastases, Luketich et al. reported a sensitivity of 46%, a specificity of 74% and an accuracy of 63% for CT, while PET had a sensitivity of 69%, a specificity of 93% and an accuracy of 84%, achieving significantly better results (7). A similar trend was observed for the detection of recurrence in the present study. However, our investigation of PET for the detection of recurrence involved only a small number of patients and was preliminary.
In a 1998 study of FDG PET performed in 48 patients with esophageal cancer, Fukunaga et al. found that measurement of tumor glucose metabolism was useful for predicting the prognosis, since there was a significantly worse prognosis in the patients with a high tumor SUV (8) . The SUV of primary esophageal cancer may therefore serve as an indicator of biological malignancy. We did not examine the prognostic value of PET, so further investigation of this area is needed.
The disadvantage of omitting transmission scans during PET is that glucose metabolism cannot be quantitatively evaluated using the SUV. We found that there was no statistically significant correlation between the SUV and the T/N ratio. The T/N ratio varies depending on how the ROI is selected and the type of filter used. In addition, we determined the SUV using each patient's total body weight. However, it has been reported that the SUV corrected for body surface area is less dependent on individual patient characteristics (12, 22) . Further studies are needed to identify parameters that can be used as indicators for quantitatively evaluating glucose metabolism instead of the SUV.
In conclusion, FDG PET can detect primary esophageal cancer with a depth of invasion of T1b or greater, but Tis and T1a tumors are undetectable by this modality. FDG PET is more accurate than CT or EUS for diagnosing lymph node metastasis, but is not highly sensitive. However, because it has a high specificity, it may be useful for deciding the management strategy. Although PET seems to be useful for identifying the site of recurrence, our results suggest that the T/N ratio cannot be used as a substitute for the SUV when PET images have not been corrected for attenuation.
